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Sumnary 

Information on the chemlcal states of a catalyst surface i s  obtalnable by X-Ray 
Photoelectron Spectroscopy (XPS). Copper-zlnc oxlde catalysts from the DOE 
sponsored Llquld Phase Methanol (LPHeOH) project have been studled to ascertaln 
the oxidatlon states of copper on fresh, reduced, and spent catalyst samples. 
Uslng the Auger parameter t o  dlfferentlate valence levels It Is shown that Cut' 
must be malntalned on the surface for contlnued catalyst actlvlty to methanol. 
Unusually strong shifts, due t o  matrix effects in the Cu2p3/2 blndlng energy 
for reduced/actlve catalysts Indicate that Cu'l' 1s stablllzed by lncorporatlon 
ulthln the ZnO lattlce. Energy Dlsperslve X-Ray Spectrometry (EDS) and XPS show 
that uhlle the bulk Cu/Zn ratio i s  malntalned at a value near 2.1 the surface 
Cu/Zn ratio decreases in use t o  well below unity. The effects o f  metal and 
halogen polsonlng have also been studled by the addltlons of lron (as iron 
carbonyl) and chlorine, and are observed t o  deactivate the catalyst by reduction 
of Cu+l to Cuo. These results suggest a relatlonrhlp between the copper state 
needed to malntaln actlvlty and the reducing/oxldlzlng potentlal o f  the reactant 
gases. 

Int roduct i on 

Deterrnlnatlon of the actlve copper state in copper/zlnc/alumlna catalysts. used 
for methanol synthesls, has been of  recent Interest (1-5). Kller and coworkers, 
using optical spectroscopy, have presented evidence lndtcatlng Cu'l. dissolved 
i n  the ZnO lattlce(l.2). as the catalytlcally actlve state. X-Ray Photoelectron 
Spectroscopy (XPS) has been employed by Okamato et a1.(3.4) to show that CUO-ZnO 
samples contalnlng less than 10% copper, upon reduction, d o  exhlbit weak CU(LHM) 
x-ray induced Auger llnes suggestlve of the presence of Cu'l. The Dkamato 
studies, unfortunately, d o  not present supportlng data regarding actlvlty of  the 
catalysts t o  methanol synthests. Hlmelfarb et a1 . ( 5 )  have presented evldence, by 
X-Ray Dlffractlon (XRD), for the exlstence of a n  lntermedlate Cu+l phase durlng 
reductlon of copper-zinc oxide catalysts. Slnce XRD i s  a bulk sensltive technique 
the chemical state of the surface i s ,  however, still In doubt. 

In conjunction wlth the current DOE sponsored Liquid Phase Methanol Project 
(LPMeOH) we have undertaken studies of comnerclally available copper-zlnc oxlde 
catalysts which have demonstrated actual activity t o  methanol synthesis In both 
the gas and llquld phases. Here we present XPS results uhlch conflrm that Cut' 
1 s  lndeed the actlve state. Polsonlng by metal and/or halogens has also been 
lovestigated by XPS and Energy Dlsperslve X-Ray Spectrometry (EDS). Deactivation 
apparently occurs via reductlon of Cutl to Cue. 
Because the chemlcal shlfts observed ln the XPS spectrum for copper are llmlted It 
I s  necessary t o  employ the Auger parameter t o  follow the three valence States 
Cue, Cutl, and Cut2. The Auger parameter (a), proposed by Wagner(b) and 
later modlfled by Gaarenstrom and Winograd(7) Is defined as: 

a + h u  = BEp + KEA = 0 '  
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where hv Is the photon energy, BEp the blndlng energy o f  the photoelectron 
peak. and KEA the klnetlc energy of the x-ray induced Auger llne whlch Is also 
observed ln the spectrum. The addltlon of  hv t o  a 1s deflned as a', the 
modlfled parameter(7). and 1 s  Independent of the excltatlon energy. 

From Equatlon 1 a plot o f  0 '  vs the corrected BEp can be generated. This plot 
Or Auger map, as it 1s referred, enables one, through analyses o f  standards, to 
assign reglons to a partlcular elemental oxldatlon state or chemlcal envlronment. 

ExDerlmental 

A comnerclally avallable copper-zlnc oxlde catalyst, In powdered form (2-7pm). 
has been used In these studles. Gas phase and In sltu llquld phase reductlons 
were performed by sultable laboratory adaptatlon of the commercial gas phase 
technlque. Catalysts from llquld phase studles were prepared for surface analysls 
by strlpplng the Inert 0 1 1  vla a serles of cyclohexane washlngs In a nltrogen 
fllled glove box. Upon drylng. the samples were transported t o  a n  argon fllled 
glove box. The catalyst samples were applled t o  a plece o f  double-slded adheslve 
tape attached to a sample mount. The mounts were then sealed ln a vessel for 
transportation t o  the spectrometer. Under vacuum the vessels were reopened and 
the mounts attached t o  the transfer rod assembly. 

XPS has been performed on a Physlcal Electronlcs 560 spectrometer equlpped to 
perform XPS, Scanning Auger Mlcroscopy (SAM), Ion Scatterlng Spectroscopy ( I S S ) .  
and Secondary Ion Mass Spectrometry ( S I M S ) .  Mg K a  radlatlon (1253.6eV) at 15 
keV and 20mA was used as the excltatlon source. Charge correction was performed 
by referenclng t o  the Z n 2 ~ 3 /  llne at 1021.7eV and Cls. for resldual 0 1 1 ,  at 
284.7eV. 

EDS was performed on an Amray 1000 Scannlng Electron Mlcroscope (SEM) equlpped 
ulth a Kevex 7000 spectrometer. Quantltatlve analysls was accompllshed uslng ZAF 
correctlons. 

Copper oxlde standards were prepared In sltu by mounting a cleaned and pollshed 
(to lpm alumina) copper foll t o  a probe that could be heated and cooled. After 
repeated cycles of lon sputtering and anneallng at 300°C. a clean surface was 
obtained a s  verlfled by Auger Electron Spectroscopy (AES) and XPS. A thln fllm o f  
CuO was then produced on the surface by heatlng the foll to 250°C under a stream 
of alr. Larson(8) has reported that Cu20 can be produced by reheatlng the CuO 
surface fllm to 250°C ln vacuum. The advantage of thls preparatlon 1s that 
surface charging 1s negllglble due to the conductlon o f  the thln oxlde Fllms 
produced on the surface. 

Results and Dlscusslon 

Because o f  discrepancles In the llterature(6.8). regardlng the binding energy o f  
the Cu2p3/2 llne. a study t o  determlne a' for Cu, Cu20, and CuO was 
undertaken. The results o f  thls lnvestlgatlon are llsted in Table 1. The 
Cu2p3/2 llne 1 s  not observed t o  shlft as copper metal 1s oxldlzed t o  Cu20. 
however, the Cu(LMM) llne i s  found t o  move from 334.8eV t o  336.8eV. Thls change 
causes a shlft In a' from 1850.9eV, for copper metal, t o  1848.9eV for Cu20. 
Further oxidatlon to COO results in the Cu2p3/2 line shlftlng t o  933.2eV a s  well 
a s  the Cu(LMM) llne to 335.6eV. The net result Is a reshlftlng of a' back to 
1851.2eV. These movements In a' are better lllustrated by the Auger map. shown 
i n  Figure 1, whlch lndlcates the reglons occupled by copper metal and its oxldes. 
Though CuO and Cu metal possess the same 0 '  value. the sh'lft In the CUZpg/ 
]!ne, as well as the observatlon of satellltes due to the paramagnetlc nature of 
Cu+2 In the Cu2p spectrum, permlts these chemlcal states to be dlstlngulshed. 

Both llnes were faun$ t o  agree t o  ulthln 5 0.2eV. 
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The fresh, as r e c e l v e d  c a t a l y s t  1 s  found t o  be comprlsed o f  copper p r l m a r l l y  as 
CuO. T h i s  1s l n d l c a t e d  by t h e  observa t ion  o f  s t r o n g  s a t e l l l t e  peaks and an a' 
o f  18Sl.OeV. Upon r e d u c t i o n ,  t h e  CuZp spectrum i s  observed t o  undergo a l o s s  i n  
s a t e l l i t e  s t r u c t u r e  and a sh i f t  l n  t h e  Cu2p3/2 b l n d l n g  energy. Also,  as shown 
I n  Table 1, t h e  CuZpg 2 l l n e  i s  found t o  move from 933.beV t o  931.7eV. The 
x - ray  Induced Auger l l n e .  however. remalns a t  33b.2eV. C a l c u l a t i n g  0' shows 
t h a t  t h e  Cui2 has been reduced t o  Cu'l. To b e t t e r  I l l u s t r a t e  these observed 
changes t h e  Auger map I s  d e p l c t e d  I n  F l g u r e  2. The r e g l o n  occupled by t h e  reduced 
c a t a l y s t  Is I n  good agreement w l t h  t h e  coord lna tes  f o r  CuzO I n  F l g u r e  1. Thus 
i t  appears t h a t  Cu'l i s  present on t h e  s u r f a c e  a f t e r  reduc t lon .  The b l n d l n g  
energy s h l f t  observed f o r  t h e  Cu2p3/2 l l n e  as t h e  copper 1 s  reduced Is observed 
t o  be s l g n l f l c a n t l y  g r e a t e r  than expected f o r  Cui2 be lng  reduced t o  the  Cu'l 
s t a t e .  For  Cu20. t h e  Cu2p3/2 l l n e  1s found t o  be a t  932.leV w h l l e  f o r  t h e  
reduced sample a s h l f t  t o  931.7eV Is observed. Th ls  l a r g e r  than a n t l c l p a t e d  
chemical  s h l f t  1 s  b e l i e v e d  t o  be a t t r l b u t a b l e  t o  m a t r l x  e f f e c t s ,  s l m l l a r  t o  those 
observed by K i m  and Wlnograd f o r  Au Implanted l n  SlOz(9). The Cu'l i s  
a p p a r e n t l y  s t a b l l l z e d  on the  sur face  b y  I t s  I n c o r p o r a t i o n  w l t h l n  ZnO l a t t l c e  
de fec ts . (2 )  The e l e c t r o n  r l c h  envlronment o f f e r e d  by these s l t e s  l s  t h u s  b e l l e v e d  
r e s p o n s l b l e  f o r  t h e  l a r g e  s h l f t  I n  t h e  Cu2p3/2 b l n d l n g  energy. I n  as rece lved 
f o r m  ( o x l d e ) .  e lementa l  a n a l y s l s  shows a Cu/Zn r a t l o  of approxlmately 2 t o  1. XPS 
measurements, however. c l e a r l y  and r e p r o d u c l b l y  show a sur face  Cu/Zn r a t l o  o f  
a lmost u n l t y .  

A f t e r  r e d u c t l o n  t h e  c a t a l y s t s  a r e  used t o  produce methanol I n  e l t h e r  gas o r  l l q u l d  
phase opera t ions .  Upon demonstrat lon o f  s a t l s f a c t o r y  a c t l v l t y .  samples o f  t h e  
c a t a l y s t s  a re  removed f o r  a n a l y s l s .  I n  Table 1 and F lgure  2 t h e  r e s u l t s  o f  
s t u d l e s  on  these a c t i v e  c a t a l y s t s  a r e  a l s o  shown. The copper p resent  on  t h e  
sur face  Is observed t o  e x l s t  as Cui' by t h e  f a c t  t h a t  0' remalns a t  1849.0eV. 
The surface Cu/Zn r a t l o ,  c a l c u l a t e d  by XPS, Is found t o  decrease t o  approx lmate ly  
0.7 t o  1 upon r e d u c t l o n .  Thls r a t l o  becomes even smal le r  (0.3 - 0.1) a f t e r  use I n  
t h e  r e a c t o r .  

Upon an  observed l o s s  I n  a c t l v l t y  a c a t a l y s t  sample was aga ln  removed f o r  
a n a l y s i s .  The data,  shown i n  Table 1 and F l g u r e  2. I n d i c a t e s  t h a t  Cu'l has been 
reduced t o  Cuo by t h e  observa t lon  o f  a s h l f t  l n  a' t o  1851.0eV. I t  Is our 
c o n t e n t l o n  t h a t  d e a c t i v a t i o n  1s o c c u r r i n g  by t h e  r e d u c t l o n  o f  Cu'l t o  Cuo on 
t h e  sur face .  t h i s  suggests t h a t  the  cont lnued presence o f  Cu'l 1s Impor tan t  i n  
m a i n t a i n i n g  c a t a l y t i c  a c t l v l t y .  

The smal l  p a r t l c l e  s l z e  (2-7pm) o f  t h e  c a t a l y s t  powder used I n  l l q u l d  phase 
opera t lons  has p e r m l t t e d  the  use of EDS t o  r a p l d l y  determine a b u l k  Cu/Zn r a t l o  
f o r  comparlson w l t h  t h e  sur face  r a t l o  ob ta ined by XPS. The r e s u l t s  l n d l c a t e  t h a t  
w h l l e  t h e  bu lk  Cu/Zn r a t l o  remalns a t  2.1, a decrease I n  the  sur face  Cu/Zn r a t l o .  
c a l c u l a t e d  by XPS. l s  observed upon r e d u c t l o n  and use. C a t a l y s t  r e d u c t l o n  
decreases the  s u r f a c e  Cu/Zn r a t l o  f rom 1.0 t o  -0.7. A f t e r  use In methanol 
syn thes is  t h l s  r a t l o  Is found t o  f u r t h e r  decrease t o  values approachlng 0.3. Thls 
d a t a  f i t s  w e l l  u l t h  p roposa ls  by K l l e r  and coworkers(2) regard lng  s p e c l f l c  s l t e  
s t a b l l l z a t l o n  o f  Cu'l. Since o n l y  a f l n l t e  number o f  d e f e c t  s l t e s  a re  
a n t l c l p a t e d  w l t h l n  t h e  ZnO l a t t l c e  near t h e  s u r f a c e  t h e  Cu/Zn r a t l o  l s  expected t o  
decrease as Cu'l d l s s o l v e s  u l t h l n  t h e  ZnO l a t t l c e .  Therefore r e c r y s t a l l l z a t l o n .  
due t o  excesslve h e a t ,  Is expected t o  s e v e r e l y  e f f e c t  t h e  sur face 's  a b l l i t y  t o  
syn thes lze  methanol. A requlrement, f o r  t i g h t  temperature c o n t r o l ,  t h u s  1 s  
necessary t o  p revent  sur face  r e c r y s t a l l l z a t l o n  u h l c h  suggests t h a t  t h e  LPHeOH 
Process o f f e r s  s l g n l f l c a n t  advantages, as a r e s u l t  more e f f l c l e n t  heat  t r a n s f e r ,  
over  gas phase syn thes ls .  

Poisoning and i t s  e f f e c t s  upon sur face  copper have a l s o  been l n v e s t l g a t e d .  The 
I n j e c t i o n  of a v e r y  l o w  l e v e l  o f  f e ( C 0 ) ~  t o  t h e  feed stream 1 s  observed t o  c a m  
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a r a p l d  d e a c t l v a t l o n  o f  t h e  c a t a l y s t .  XPS l n d t c a t e s  t h a t  no I r o n  l s  a p p a r e n t l y  
present on t h e  sur face  o f  these samples. EOS a n a l y s i s .  however. shows t h a t  I r o n  
l s  present I n  t h e  b u l k  o f  t h e  polsoned samples. By XPS changes I n  t h e  Cu(LMM) 
spectrum are  observed. I n  F lgure  3. t h e  Cu(LMM) spec t ra  f o r  a f resh-reduced 
c a t a l y s t  Is compared w l t h  t h a t  ob ta ined a f t e r  I r o n  po lson lng .  The o b s e r v a t l o n  o f  
a second peak near 334.6eV Is a t t r l b u t e d  t o  t h e  presence o f  Cuo on t h e  s u r f a c e .  
Uslng Equat ion 1. a' I s  found t o  be equal t o  1651.0eV f o r  t h l s  new l l n e .  T h l s  
r e g l o n  has been e a r l i e r  determlned, I n  the  o x l d e  study, t o  be occupled by m e t a l l i c  
copper ( F i g .  1 ) .  Thus upon contac t  u l t h  I r o n  t h e  Cu'l I s  reduced t o  Cue, 
thereby d e a c t l v a t l n g  t h e  c a t a l y s t .  C h l o r l n e  p o l s o n l n g  has a l s o  been I n v e s t i g a t e d  
and t h e  c h l o r l n e ,  l l k e u l s e .  appears t o  d e a c t l v a t e  by reduc lng  t h e  s u r f a c e  Cu'l 
t o  Cuo. U n l l k e  I r o n  po lson lng .  XPS and EOS a r e  b o t h  a b l e  t o  d e t e c t  t h e  presence 
o f  c h l o r l n e  on the  sur face  as w e l l  as a r e d u c t l o n  I n  t h e  Cu/Zn r a t l o  a t  t h e  
c a t a l y s t  surface. The rnechanlsrns o f  d e a c t l v a t l o n  a r e  n o t  w e l l  understood a t  t h l s  
t lme and are c u r r e n t l y  t h e  s u b j e c t  o f  con t inued research. 

Concluslon 

From t h l s  study I t  has been determined, u s l n g  t h e  Auger parameter, t h a t  Cutl i s  
t h e  a c t l v e  chemlcal s t a t e  o f  copper on t h e  sur face ,  and Is a p p a r e n t l y  s t a b l l l z e d  
by I t s  l n c o r p o r a t l o n  w i t h i n  the  ZnO l a t t i c e .  O e a c t l v a t l o n  1 s  b e l l e v e d  t o  occur by 
t h e  r e d u c t l o n  o f  Cu'l t o  Cuo. Po lson lng  b y  e l t h e r  Fe o r  C 1  I s  observed t o  
a l s o  proceed through a mechanlsm by u h l c h  t h e  Cu'l Is reduced t o  Cuo. 
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Table 1 

Resu l ts  o f  Copper Auger Parameter 
Determlnat lon  f o r  Copper Oxlde Standards and 

Cata lys t  Samples Analyzed by XPS 

Sample 

Clean Cu 

cu20 

CUO 

Fresh-Unreduced C a t a l y s t  

Fresh-Reduced C a t a l y s t  

Spent-Act lve C a t a l y s t  

Spent-Deact lvated C a t a l y s t  

Cu2p? /2Wl  Cu(LMM)(eVl2 a ' ( e v )  1 
932.1 334.8 1850.9 

932.1 336.8 1848.9 

933.2 335.6 1851.2 

933.6 336.2 1851 . O  

931 . l  336.2 1849.1 

931.9 336.5 1849.0 

932.0 336.6 1849.0 

932.0 334.6 1851 .O 

Cu2p3/2 energles presented as b lnd lng  energles.  
2 Cu(LMM) energies presented I n  t h l s  study as b l n d l n g  energles f o r  consistency. 

1040A 

214 



\ 

\ 
CUZP,,, BINDING ENERGY (eV) 

Figure  1 :  Auger map d e p l c t i n g  r e s u l t s  of in sltu copper ox lde  s tudy.  

I 
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-834.0 -031.0 -832.0 -931.0 

CU~P,, BINDINQ ENERGY (cV) 

Figure 2: Auger map l l l u s t r a t t n g  the  observed changes i n  the  sur face  
copper o x i d a t i o n  s t a t e  f o r :  ( F ) f resh-as rece lved c a t a l y s t ,  
( R ) fresh-reduced c a t a l y s t ,  ( U ) methanol-act ive c a t a l y s t ,  
and ( S ) spent c a t a l y s t .  
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-340 -338 -336 -334 -332 -330 
BINDING ENERGY, cV 

FIgure 3: Cu(LMI4) X-ray Induced Auger s p e c t r a  for ( A )  f r e s h ,  methanol- 
a c t l v e  c a t a l y s t  and ( B )  spent  c a t a l y s t .  
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RELATIONSHIP BETWEEN SURFACE STABILIZED Cu+ I N  COPPER- 
CHROMIA CATALYSTS AND ACTIVITY FOR METHANOL FORMATION. 
G.  Apai,  J. R. Monnier, M. J. Hanrahan, Research  
L a b o r a t o r i e s ,  Eastman Kodak, Roches t e r ,  New York 14650. 

Recent ev idence  s u g g e s t s  t h a t  i n  Cu-ZnO, t h e  Cu s p e c i e s  
may be t h e  component r e s p o n s i b l e  f o r  methanol  fo rma t ion .  Copper- 
chromium ox ide  c a t a l y s t s  a lso have s i m i l a r  s e l e c t i v i t y  f o r  
methanol s y n t h e s i s  under  r e a c t i o n  c o n d i t i o n s  l i k e  t h o s e  used  f o r  
Cu-ZnO c a t a l y s t s .  X-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  and x- ray  
d i f f r a c t i o n  s t u d i e s  of t h e  Cu-Cr o x i d e  c a t a l y s t  i n d i c a t e  t h a t  
t h e  a c t i v i t y  f o r  methanol fo rma t ion  i s  a s s o c i a t e d  w i t h  a 
c r y s t a l l i n e  cuprous  ch romi te  phase.  The c o n c e n t r a t i o n  o f  
s u r f a c e  Cu+ s p e c i e s ,  s t a b l e  under H 2  r e d u c t i o n  or syngas  r e a c t i o n  
c o n d i t i o n s ,  i s  c o r r e l a t e d  w i t h  t h e  a c t i v i t y  f o r  methanol 
fo rma t ion .  Bulk s t a b i l i z a t i o n  o f  CuCrO (Cu+) a p p e a r s  t o  be 
r e s p o n s i b l e  f o r  t h e  s u r f a c e  s t a b i l i z e d  8u+ s p e c i e s .  
t r a t i o n  of s u r f a c e  Cu+ i s  dependent upon t h e  Cu/Cr r a t i o ,  t h e  
c a l c i n a t i o n  t empera tu re ,  and t h e  n a t u r e  o f  t h e  c a t a l y s t  p re -  
t r e a t m e n t .  Comparisons w i l l  be made between r ea l  and model 
c a t a l y s t s .  I n  a d d i t i o n  t h e  c o n c e n t r a t i o n  o f  t h e s e  Cu+ s i t e s  i s  
independent  o f  C 0 2  a d d i t i o n  t o  t h e  s y n t h e s i s  g a s  f eeds t r eam.  
The a s s o c i a t e d  decrease i n  c a t a l y t i c  a c t i v i t y  i s  a t t r i b u t e d  t o  
t h e  n o n - c a t a l y t i c ,  c o m p e t i t i v e  a d s o r p t i o n  of C 0 2  on s i t e s  a c t i v e  
f o r  CH30H fo rma t ion .  These r e s u l t s  f o r  Cu-Cr o x i d e  p r o v i d e  some 
i n t e r e s t i n g  s imi la r i t i es  and d i f f e r e n c e s  i n  comparison t o  t h e  
Cu-ZnO c a t a l y s t .  

+ 

The concen- 
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CHEMISORPTION OF CO. C02, 02 AND H2 ON THE 
Cu/ZnO METHANOL SYNTHESIS CATALYSTS 

G. E. P a r r l s  
Alr Products & Chemlcals, Trexlertown, Pennsylvanla 

and 

K .  K l l e r  
Department o f  Chemlstry, Lehlgh Un lve rs l t y .  Bethlehem, Pennsylvanla 

INTRODUCTION 

H l s t o r l c a l l y  t h e  successful  c a t a l y s t s  f o r  methanol syn thes ls  f rom , 
synthes ls  gas have always u t l l l z e d  zlnc oxlde. The a d d l t l o n  o f  chromla, , I  

Cr2O3, o r  alumlna, A1203 t o  t h e  z lnc  oxlde based c a t a l y s t s  were found 
t o  be b e n e f i c i a l  as supports f o r  extendlng c a t a l y s t  l l f e  and as promoters t o  
enhance the  c a t a l y t i c  a c t l v l t y  f o r  syn thes ls  o f  methanol. These c a t a l y s t s  
operate a t  h l g h  pressures (>200 atm) and temperatures (573-623 K ) ,  however. 
The a d d l t l o n  o f  copper ox lde  t o  these c a t a l y s t s  resu l ted  I n  much h lgher  
methanol syn thes ls  a c t l v l t y  a t  lower pressures ( 7 5  atm) and temperatures (523 
K )  than observed w l t h  the  pure  components on l y ,  o r  w l t h  t h e  ZnO/Cr2Og and 
ZuO/A1203 c a t a l y s t s .  (1.2).  I n  a d d l t l o n ,  t h e  method o f  p repara t l on  o f  
copper c a t a l y s t s  was found t o  be an extremely Impor tan t  f a c t o r ( 3 ) .  

I 

I These observa t ions  Imp l l ed  t h a t  t h e  f l n a l  s t a t e  o f  copper I n  the  mlxed 
Cu/ZnO/M 03 c a t a l y s t s  c r l t l c a l l y  determined t h e l r  h lgh  a c t l v l t y  and 
s e l e c t l v f t y  f o r  the  p roduc t i on  o f  methanol. The present work was undertaken t o  
determine t h e  chemlsorp t lon  p r o p e r t i e s  of CO, C02. 02 and H2 f o r  a se r ies  
o f  b l n a r y  copper-z lnc oxlde methanol syn thes ls  c a t a l y s t s  and thereby c l a r i f y  

I d e n t l f y l n g  t h e  na tu re  o f  t h e  r e a c t l v e  centers  I n  methanol synthesls ca ta l ys ts  
based on copper. 

t he  reason f o r  t he  observed mutual promot lon e f f e c t  between Cu and ZnO by I 

EXPERIMENTAL 

The Cu/AnO = 0/100-100/0 c a t a l y s t s  were cop rec lp l t a ted  from n i t r a t e  
SOlUtlOn by Na2C03, ca l c lned  and reduced w l t h  H2/N2 = 2/98 vo l  
accordlng t o  a procedure p rev lous l y  descr lbed I n  d e t a l l  (3 ,4 ) .  The adsorp t lon  
experlments were conducted I n  a g lass  h lgh  vacuum vo lumet r lc  adsorp t lon  
apparatus w l t h  a s t a t i o n a r y  background vacuum o f  
reduced on t h e  adso rp t l on  system w l thou t  exposure t o  a i r .  

approxlmately 16 kPa. 
fo l l ows :  
evacuate the  sample f o r  10 mlnutes then run  a second Isotherm, and (3 )  t h l s  
second Iso therm corresponds t o  the  weakly adsorbed gas and the  d i f f e r e n c e  
between t h e  f l r s t  and second Isotherms I s  t h e  s t r o n g l y  adsorbed gas. Oxygen 
chemlsorpt lon experlments were conducted a t  78 K accord lng  t o  t h e  procedure of 
Zettlemoyer e t  a1 ( 6 ) .  Sur face  area measurements were made us lng  t h e  BET 
method wt th  argon as adsorbate.  

I 

Pa. The c a t a l y s t s  were 

The CO and H2 Iso therms were measured a t  293 K up t o  a f l n a l  pressure o f  
The weak and s t rong capac l t l es  were determlned as 

(1 )  run  an adso rp t l on  Iso therm on a reduced and a c t i v a t e d  sample, (2)  
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Carbon d iox ide  Isotherms were s tud ied  a t  523 K and 293 K on pure ZnO and 
on the  Cu/ZnO = 30/70 c a t a l y s t  sample. For ana lys i s  o f  t he  gas phase 
composi t ion I n  mixed gas CO/COz redox s tud ies  a Var lan  VGA-100 quadrapole gas 
ana lyzer  was i n s t a l l e d  on t h e  chemisorpt ion apparatus.  The f u l l  d e t a i l s  o f  
these experiments a re  repor ted  elsewhere (5 ) .  

RESULTS AND DISCUSSION 

CO. 03 and H3 ChemisorDtion 
The t o t a l  CO capac i t i es  p l o t t e d  I n  F lgure  1 a re  seen t o  lnc rease w i t h  

Inc reas ing  copper conten t  i n  t h e  b ina ry  Cu/ZnO c a t a l y s t s ,  w i t h  maximum coverage 
ob ta ined f o r  pure copper. 
a t  293 K. the  sa tura ted  coverage obtalned f o r  C O  on copper i s  8 = 0.15-0.18 
us ing  t h e  range o f  s i t e  d e n s i t i e s  est imated f o r  copper surfaces. The s t rong  C O  
f r a c t i o n  however, shows a double humped fea tu re  w i t h  broad maxima a t  t h e  Cu/ZnO 
= 30/70 and 67/33 compositions. I n  F igu re  2 I s  shown a comparison between the  
weak CO and I r r e v e r s i b l e  02 chemisorpt ion data.  
f l g u r e  t h a t  weak CO capac i t i es  show good l i n e a r i t y  w i t h  I r r e v e r s i b l e  02 
adsorp t ion ,  has zero i n t e r c e p t  and c o r r e c t l y  p r e d i c t s  t h e  observed CO capac i t y  
on pure copper. 

The ser les  o f  b ina ry  Cu/ZnO c a t a l y s t s  s tud led  here may be d i v i d e d  i n t o  two 
groups, Cu/ZnO = 0/100-30/70 and 40/60-67/33 composi t ions,  which are  
d i s t i n g u i s h a b l e  by t h e i r  c r y s t a l l i t e  s izes  and morphological  c o n s t i t u t i o n s  a s  
repor ted  e a r l i e r  ( 7 ) .  A l s o ,  a subs tan t i a l  p o r t i o n  o f  copper was found t o  be 
X-ray amorphous ( 8 )  and scanning t ransmiss ion  e l e c t r o n  rnlcroscopy analyses 
showed t h l s  amorphous copper t o  be i n  t h e  ZnO phase ( 7 ) .  I n  an a t tempt  t o  
c o r r e l a t e  the  chemisorpt ion behavior determined here, w l t h  the  m ic ros t ruc tu re  
and d i s t r i b u t i o n  o f  elements repor ted  e a r l i e r  i n  the  c a t a l y s t  p a r t i c l e s ,  f o u r  
models a re  proposed below t o  descr ibe  the  adsorp t lon  behavlor o f  oxygen and 

Whi le no adso rp t l on  o f  CO was observed on pure  ZnO 

I t  can be seen from t h e  

carbon monoxide. They a re  as fo l l ows :  

Model I 

Model I 1  

I r r e v e r s l b l e  02 and weak and s t rong  C O  adsorp t lon  occurs on 
copper c r y s t a l l l t e s  on l y .  

I r r e v e r s i b l e  02 and weak CO a r e  adsorbed on copper 
c r y s t a l l l t e s ;  s t rong  CO adsorbs on s o l u t e  copper. 

Model I 1 1  I r r e v e r s i b l e  02 i s  adsorbed on copper c r y s t a l l i t e s  and s o l u  
copper. Weak and s t rong  CO a r e  on copper c r y s t a l l i t e s .  

e 

Model I V  I r r e v e r s i b l e  02 I s  adsorbed on copper c r y s t a l l l t e s  and s o l u t e  
copper. Weak CO on copper c r y s t a l l i t e s .  s t rong  C O  on s o l u t e  
copper. 

I t  i s  apparent f rom F lgure  2 t h a t  t h e  s i t e s  f o r  weak CO and i r r e v e r s i b l e  
O2 are  the  same and can r e a d i l y  be a t t r i b u t e d  t o  the  c r y s t a l l l n e  copper 
phase. Fur ther .  t he  s t rong CO capac i t i es  cannot be c o r r e l a t e d  d l r e c t l y  w l t h  
I r r e v e r s i b l e  O2 capac i t l es  and Models I .  111 and I V  a re  t h e r e f o r e  d iscarded.  
On t h i s  basis.  us ing  the  s p e c i f i c  adsorp t lon  o f  02 on pure copper as w e l l  as 
t h e  measured t o t a l  surface areas t h e  copper and zinc ox ide  sur face  areas In t h e  
composite c a t a l y s t s  were determined and the  r e s u l t s  a re  shown i n  Table 1. 
methanol synthesis a c t i v i t y  does no t  c o r r e l a t e  w l t h  e i t h e r  t h e  ZnO o r  Cu 
sur face  areas i n  t h e  i n d l v l d u a l  c a t a l y s t s .  

The 
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w i t h  the  z inc  ox lde  surface areas a v a l l a b l e  a t e s t  can be made o f  t h e  i 
dependence o f  s t rong  C O  capac l t l es  on t h e  sur face  concent ra t lon  o f  s o l u t e  
copper assuming t h e  sur face  concent ra t lon  t o  be p ropor t l ona l  t o  the  bu lk  
concent ra t lon  repor ted  by Bulko e t  a1 ( E ) .  The p l o t  o f  sur face  coverage by 
s t rong  CO aga ins t  t h e  concent ra t ion  o f  copper s o l u t e  shown I n  F igure  3 has a 
l l n e a r  p o r t l o n  f o r  each morphology. 
molecules t l t r a t e  t h e  sur face  copper so lu te  s i t e s ,  then t h e  basal  (0001) ZnO 

planes, which predomlnate I n  the  composi t ional  ranges Cu/ZnO = 40/60-67/33 and 
0/100-30/70 r e s p e c t l v e l y .  Since the  basal  p lane o f  ZnO I s  f o rma l l y  
e l e c t r o s t a t i c a l l y  charged w h l l e  t h e  p r l sm p lane l s  not ,  i t s  h lgher  accomodatlon 
o f  copper I s  c o n s l s t e n t  w i t h  the  Idea t h a t  t he  so lu te  copper species a re  a l s o  
charged. These s o l u t e  copper s l t e s  a re  the re fo re  consldered t o  be t h e  a c t i v e  
centers f o r  s t rong  carbon monoxide adso rp t l on  and the  adsorp t lon  
c h a r a c t e r l s t l c s  o f  C O  and 02 are  adequately descr lbed by Model 11. 

The amounts o f  weakly adsorbed hydrogen I s  p ropor t l ona l  t o  t h a t  o f  
I r r e v e r s i b l y  adsorbed 02 bu t  t he  r e l a t j o n s h i p  i s  no t  l l n e a r .  Fur ther ,  t h e  
weak H2 c a p a c i t i e s  l l e  above the  capac l t l es  p red ic ted  by pure  copper metal  
and cannot be accounted f o r  by t o t a l  H2 coverage on m e t a l l l c  copper surface. 
Wlthout f u r t h e r  evidence the re fo re ,  adsorp t ion  o f  H2 on copper s o l u t e  s i t e s  
on the  ZnO phase, c rea ted  by the  Cu-ZnO i n t e r a c t i o n s ,  cannot be excluded. 

Redox Behavior w i t h  CO/CO:, H l x tu res  

and are o f  p a r t l c u l a r  i n t e r e s t  f o r  t h e  Cu/ZnO = 30/70 c a t a l y s t  s lnce  It i s  the 
most a c t l v e  one and was used by Cha t l kavan l j  ( 9 )  I n  CO2 k l n e t l c  s tud ies .  

The C02 isotherms a t  523K on a f r e s h l y  reduced (2% H2 i n  N2) show 
t h a t  there  I s  a very  s t rong l n t e r a c t l o n  o f  t h l s  gas w i t h  t h e  Cu/ZnO = 30/70 
c a t a l y s t ,  t h l s  l n t e r a c t l o n  being s t ronger  b u t  apparent ly  l e s s  ex tens lve  than 
w l t h  pure ZnO. No carbon monoxide was found i n  the  gas phase when pure C02 
was added. 
however, a b u l l d  up of  C02 I n  the  gas phase was detected. 
dependence of t h e  p a r t i a l  pressure o f  desorbed C02 I s  shown I n  F lgure  4 f o r  
pure ZnO as w e l l  as Cu/ZnO = 30/70 samples. 
i n  the  samples o f  F igu re  4 and the  ZnO areas used I n  a l l  samples were s l m l l a r .  
Also,  a d d i t i o n  o f  C02 t o  CO-reduced then outgassed samples gave C O  I n  the  gas 
phase. and as F lgu re  5 shows, t r r e s p e c t l v e  o f  whether o r  n o t  C02 \ s  I n l t l a l l y  
present on t h e  surface, t he  amount o f  C02 desorbed upon CO a d d i t i o n  depends 
on ly  upon t h e  mole f r a c t l o n  o f  CO i n  the  gas phase. 

Kofstad (12)  by t h e  equat lon  

Therefore, I f  the  s t rong ly  bound CO 

planes tend t o  accomodate more s o l u t e  copper atoms than t h e  p r l sm (1010) ) 

, 

I 

The s tud ies  on the  redox behavior o f  t h e  Cu/ZnO c a t a l y s t s  were done on, 

Upon a d d l t l o n  o f  C O  a t  523 K t o  a f r e s h l y  reduced c a t a l y s t ,  
The t ime 

There was no preexposure t o  C02 

4 

1 The redox e q u l l l b r l u m  can be represented us ing  t h e  de fec t  n o t a t l o n  o f  

where the  s u b s c r i p t  g denotes gas phase 0, I s  a l a t t l c e  oxygen anion and Vo 
I s  a l a t t i c e  oxygen an lon  vacancy. 
t h e  c a t a l y s t  su r face  are  g lven by equat lons (2 )  and ( 3 )  

Adsorpt lon e q u l l i b r l u m  f o r  CO and C02 on 
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whe’re subsc r lp t  s denotes surface. 

e q u i l l b r l a  data shown I n  F igure  5. 
Using equations (1 ) - (3 )  a model equat ion  was developed ( 5 )  f o r  t h e  redox 

It was es t lmated from f i t t i n g  t h e  data t h a t  

\ KC 0 
- =. 1.3 
K C 0 2  

and 
\ 

K g  = 40 

The value obtalned f o r  K g  i s  n e i t h e r  t h a t  f o r  t h e  redox e q u i l i b r i u m  o f  pure  ZnO 
nor pure C u 2 0 .  
i n te rmed ia te  composl t lon such as might be r e a l i z e d  f rom a d l s o l u t l o n  o f  copper 
i n  z lnc oxlde as proposed e a r l i e r  (4 ) .  K l l e r  e t  a1 ( l o ) ,  I n  a q u a n t i t a t i v e  
study o f  t he  k l n e t i c s  o f  methanol synthesis f o r  t he  Cu/ZnO = 30/70 c a t a l y s t  I n  
the  presence o f  C O 2 ,  repor ted  th ree  sets o f  constants w l t h  whlch bes t  f i t s  
were obtalned f o r  t h ree  cases l n v o l v l n g  compe t l t l ve  adso rp t l on  schemes o f  CO. 
C O 2  and H2. 
cons is ten t  w l t h  the  values they r e p o r t  f o r  t h e  scheme whereln C 0 2  competes 
w i t h  both CO and H2, bu t  CO and H2 a re  adsorbed on d i f f e r e n t  s i t e s .  

whereas Bulko e t  a1 (8 )  measured up t o  16.8%. Since I t  was e a r l i e r  concluded 
t h a t  t he  copper so lu te  species i s  a charged e n t i t y  i t  appears subs tan t l a ted  
t h a t  t he  so lu te  copper species e x l s t  as copper ( I )  I n  z lnc ox ide .  

This r e s u l t  po ln ts  t o  t h e  presence o f  a compound o f  5 

The values given above f o r  K g  and K c o / ~ C O ~  a r e  

The s o l u b l l i t y  l l m l t  o f  copper (11) ox lde  i n  z lnc  ox lde  I s  4-6% (11,12) 

C O N C L U S I O N S  

The f o l l o w i n g  Impor tan t  concluslons emerge from t h l s  work: 
. 1.  

and r e a d l l y  a t t r i b u t a b l e  t o  t h e  c r y s t a l l i n e  copper phase. 
2 .  The methanol syn thes ls  a c t l v l t y  does no t  c o r r e l a t e  w i t h  e i t h e r  t h e  

ZnO o r  C u  surface areas i n  the  cornposlte c a t a l y s t s .  

s i t e s  whlch a re  p r e f e r e n t i a l l y  accommodated on t h e  e l e c t r o s t a t l c a l l y  charged 
basal  p lane o f  ZnO. 

CO/C02 mix tures  a t  523 K w i t h  an e q u l l l b r i u m  constant t h a t  i s  d i f f e r e n t  f rom 
those f o r  pure ZnO o r  C u 2 0 .  

probably the  r e a c t l v e  centers  I n  methanol syn thes is  f rom synthes ls  gas. 

The s i t e s  f o r  weak CO and l r r e v e r s l b l e  02 adsorp t l on  a r e  t h e  same 

\ 3. Strong CO chemlsorpt lon I s  assoc ia ted  w i t h  t h e  sur face  copper s o l u t e  

4. The ZnO phase i n  the  cornposlte c a t a l y s t  undergoes redox e q u i l l b r l a  I n  

5 .  The so lu te  copper species e x l s t  as copper (I) i n  z inc ox ide  and are  

\ 
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F l  Ure 1 .  
T n i e r r l b l e  adsorpt lon  ( l r r e v e r i l b l e )  on t h e  cu/znO r a t l o  t n  the b lndry  
copper -z lnc  o r l d e  Catd lyStS .  

The dependence of t h e  cdrbon monoxlde s d t u r d t l o n  adsorv t lon  ( t o t a l )  1 
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4 

u) 
0 CHEMISORPTION ON C u / Z n O  CATALYSTS 

REVERSIBLE CO VS IRREVERSIBLE 02 

02 I IRREVERSIELEI M O L E S l M '  CATALYST i I O 6  

F I w r e  2. 
monoxlde and l r r e v e r s l b l y  chemlsorbed Oxygen l n d l c a t l n g  thd t  t he re  two 
adsorbates a r e  a measure o f  copper meta l  sur face area. 

The r e l a t l o n  between the  amounts of weakly chemlsorbed carbon 

3 
T I T R A T I O N  OF Cu SOLUTE SITES B Y  CO 

CONCENTRATION OF Cu SOLUTE SITES ON ZnO SURFACE, 

G-ATOM PER GRAM OF CATALYST ( ~ 1 0 5 )  

F lqu re  3 .  
m n o a l d e  on t he  concen t ra t l on  of amorphous copper found by . l - rdy  d l f f r a c t l o n  
dnd by STEM. 
10190. 20/00. and 30110 c a t a l y s t s  dnd t h e  (0001) basal  p lanes of Zno are  
exposed I n  the  Cu/ZnO Ij W b O .  50/50. and b 1 / 3 3  c a t a l y s t s .  

The dependence of t he  amount of  I r r e v e r r l b l y  ChernIrorbed carbon 

The (1010) p r l sm p lanes of ZInc ox lde a re  exposed I n  t he  Cu l l no  

/ 
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F l  u r e  4 .  The t lmc dependence of CO p a r t i a l  p ressure  over ZnO and Cu/lnO 
ca?a lys ts  a f t e r  CO 1 s  adml t ted  t o  c a t a l y s t  Prereduced I n  Hz/N2 L 2/98 "01. 
X a t  52313. 
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FlQUre 5 .  
CO2 desorbed from the  c a t a l y s t  sur face  less  t h e  i n l t l a l  amount o f  CO 
adsorbed p r i o r  t o  the  a d d l t i o n  of CO. on the  mole f r a r t l o n  of  CO I n  :he gas 
phase. 

The dependence of Q ~ , , ~ .  de f lned  as the  Cumulative amount o f  

I 
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Nature of H2 Adsorption Sites in 

Cu/ZnO Synthesis Catalysts I 

D. L. Roberts and G. L. Griffin / 

Department of Chemical Engineering and Materials Science 
University of Minnesota, Minneapolis, MN 55455 

Abstract " i I 
For a co-precipitated Cu/ZnO mixture that is representative of methanol 

synthesis catalysts, we observe that H2 adsorption occurs at isolated Cu 
sites on the catalyst surface. 
those previously observed on pure ZnO samples in two respects: 
of H desorption energies is significantly higher (21-30 kcal/mole for the 
10:98 Cu:ZnO mixture, vs. 16-21 kcal/mole for pure ZnO), and the pretreat- 
ment temperature needed to activate the sites is lower (523 K for the 
Cu/ZnO mixture, vs. 673 K for pure ZnO). This suggests that the enhanced 
activity of Cu/ZnO catalysts, relative to ZnO catalysts, is due to Cu 
sites that adsorb H2 more strongly and which maintain their activity at 
lower temperatures. 

These H2 adsorption sites differ from 
The range 

Introduction 

Catalysts for the direct synthesis of alcohols from CO:H mixtures must 
satisfy two functional requirements. 
duction without directly dissociating the C-0 bond, and they must activate the 
H molecule to perform the reduction. 
effectively in the Cu/ZnO catalysts for methanol synthesis (1 , Z ) ,  which hydro- 
genate CO to CH30H with better than 99% selectivity (3). 

Understanding the hydrogenation mechanism on these ZnO-based catalysts is 
important, not only for selecting the optimum operating conditions for methanol 
catalysts but also for designing catalysts to perform higher alcohol synthesis or 
other hydrogenation reactions. As a prerequisite for understanding the hydrogen- 
ation mechanism itself, in this paper we discuss our current knowledge of the H2 
adsorption sites on ZnO and Cu/ZnO mixtures. 

They must activate the EO molecule for re- 

These two functions are combined quite 

I 

H2 Adsorption on ZnO 

The distinguishing feature of H2 adsorption on oxide catalysts is that 
adsorption occurs via heterolytic dissociation of the H2 molecule at polar 
surface sites consisting of co-ordinatively unsaturated cation-anion pairs. 
On ZnO, this adsorption process has been conclusively shown to occur at so-called 
Type I sites (4-7) :  I 
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Reaction 1 i s  demonstrated by bands in the IR spectrum of H p a t u r a t e d  ca ta lys t s  
a t  1710 cm-1 and 3490 cm-1, assigned to  Zn-H and 0 - H  stretching vibrations 
respectively (4-7) .  

The energetics of the Type I adsorption s i t e s  a re  f a i r l y  complex. 
t ion i s  activated b u t  reversible a t  room temperature. 
and desorption energies a re  observed, suggesting tha t  more than one kind of 
Type I s i t e  ex is t s .  The equilibrium adsorption energy i s  12-13 kca lho le ,  
the  activation bar r ie r  fo r  adsorption i s  3-8 kcal/mole, and the  desorption 
energy i s  16-21 kcal/mole ( 7 ) .  

Adsorp- 
A range of adsorption 

t 

A second type of H2 adsorption s t a t e  has a l so  been identified t h a t  i s  
i r revers ib le  a t  room temperature ( 5 ) .  

s t a t e .  
hydrogenation reactions,  a t  l eas t  fo r  the case of ethylene hydrogenation. The 
authors  go on t o  speculate tha t  Type I1 hydrogen may be bound in sub-surface 
s i t e s ,  and therefore i s  non-reactive. While this remains t o  be proven conclu- 
sively,  we will r e s t r i c t  the remaining discussion t o  Type I s i t e s .  

The geometry of the Type I s i t e s  has been pa r t i a l ly  determined. Tempera- 
tu re  programmed desorption experiments show tha t  H 2  molecules a re  adsorbed 
a t  spa t ia l ly  d iscre te  s i t e s :  
indicate tha t  desorption obeys f i r s t -order  kinetics (c f .  Fig. 1 below). Also, 
co-adsorbed H2-02 mixtures retain most of t h e i r  isotopic ident i ty  when desorbed. 
Both  results a r e  in marked contrast  t o  the  second order desorption kinetics 
and isotopic scrambling seen in TPD spectra of H 2  and 02 on metals, where H 
atoms may in te rac t  with any of several neighbors during desorption. 

The Type I s i t e s  a re  located within next-nearest neighbor proximity of 
each other. This i s  shown by the sh i f t s  of the ZnH and OH vibrational f re -  
quencies tha t  occur a s  H2 coverage increases. 
on the basis of electrodynamic and inductive interactions between osc i l l a t ing  
Z n H  and  OH dipoles, provided tha t  H 2  molecules adsorbed a t  d i f fe ren t  s i t e s  
a re  w i t h i n  two l a t t i c e  spacings of each other (9 ) .  
appear t o  be caused by long range electronic interactions involving the  ZnO 
conduction band electrons,  because the background transmission of the sample, 
and hence the Fermi leve l ,  remains unchanged during H 2  adsorption).  
evidence t h a t  the s i t e s  a re  spa t ia l ly  proximate i s  given by the  observation 
tha t  scrambling of H2-02 mixtures does occur readily over ZnO a t  room tempera- 
tu re ,  where adsorption i s  reversible ( 5 ) .  
exchange between Type I s i t e s  does occur, a l b e i t  with a modest activation 
barrier . 

T h i s  so-called Type I1 s t a t e  is  not IR 
\ ac t ive ,  and consequently has n o t  been studied as intensively as the Type I 

Dent e t  a l .  (8) have shown t h a t  Type I1 hydrogen i s  not involved in 

The coverage dependence of the TPD spectra 

These s h i f t s  can be explained 

( T h e  s h i f t s  do not 

Further 

This shows t h a t  migration and 

Additional information about the nearest-neighbor geometry of the s i t e s  
i s  provided by spectroscopic measurements of co-adsorbed CO:H 
( 1 0 , l l ) .  These resu l t s  show that the Z n H  vibrational band un8ergoes two 
sequential, d i scre te  frequency s h i f t s  as the CO coverage i s  increased. 
contrast ,  the OH vibration shows only a continuous frequency s h i f t  w i t h  
increasing CO coverage. 
have two nearest neighbor s i t e s  t h a t  can adso rb  CO, while the 0 anion of the  
Type I s i t e  has no such neighbors. 
occupied under the conditions of these experiments i s  known t o  occur a t  co- 
ordinately unsaturat'ed Zn cations (12),  t h i s  leads to  the perhaps surprising 
conclusion tha t  the Z n  cation of the Type I s i t e  has two unsaturated Zn cations 
as neighbors, while the  0 anion has no unsaturated cations as neighbors (other 

mixtures 

I n  

T h u s  the Zn cation of the  Type I s i t e s  appears to 

Since the CO adsorption s t a t e  t ha t  i s  

c 
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than its own Type I cation partner). 
Zn cations would be expected at an O= vacancy produced when a three-fold 
co-ordinated surface 0 anion is removed from the surface layer (10). More- 
over, if this anion vacancy is produced by a dehydration reaction with the 
proton of a neighboring surface OH group, then the unsaturated 0 anion that 
remains after proton removal can serve as the anion partner in the Type I 
site. 

oxygen plane $10). This is supported by the fact that Type I sites are most 
easily observed on powdered samples that contain a large fraction of polar 
planes in their crystal morphology (13), and also by the fact that sublimation 
occurs more readily on the basal oxygen face (14). However, recent studies of 
ZnO single crystal surfaces have raised the possibility that such vacancies 
might also be produced at step defects on the (1010) prism planes (15,16). 

by adsorbed H20 or CH30H (5): 

However, such a "triad" of unsaturated 

Such oxy en vacancies can be most easily imaged on the basal (0001) 

One other important feature of the Type I sites is their strong poisoning 

OR H 

2)  
I I  

I I  I I  
ROH + -Zn - 0- =+ Zn - 0- 

Reaction 2 is irreversible at room temperature, indicating that the desorption 
energy of these adsorbates is much greater than for H2. Quantitative measure- 
ments o f  the desorption energies are still needed. 

It is generally believed that the activation mechanism for producing the 
Type I site is dehydration to produce a cation-anion pair site. While this 
is certainly a necessary condition, experience in our laboratory has shown 
that it is not sufficient. Heating ZnO samples to less than 673K produces 
highly dehydrated surfaces, as indicated both by a sharp decrease in the IR 
bands due to residual OH species on the sample, and by the ability of the 
sample to re-adsorb H20. However, these surfaces are not active for the 
adsorption of H2. 
additional requirement for activating the Type I sites is that the dehydration 
step must also produce an 0' anion vacancy. Adsorption of H20 or CH30H thus 
represents a strong poisoning reaction, because these species re-occupy 
the O= vacancy. 

In light of the discussion above, this suggests that an 

H, Adsorption on Cu/ZnO 

The results discussed above have been obtained for pure ZnO. While the 
ZnO Type I sites have been suggested as the source of the hydrogenation 
activity in Cu/ZnO synthesis catalysts (3). their presence has not been con- 
clusively demonstrated on Cu/ZnO mixtures. 
we therefore examined the Hp adsorption behavior of a Cu/ZnO mixture with a 
10:90 Cu:Zn ratio, prepared using the co-precipitation technique described 
by Hermann et a1 . (3). 

and the Cu/ZnO mixture. 
temperature, the spectra were obtained by admitting the indicated pressure 

As a first test for their presence, 
' 

In figures 1 .and 2 we compare the H2 desorption spectra of pure in0 
After outgassing each sample at the necessary 

I 
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of H t o  the  sample ce l l  a t  room temperature, cooling the sample to  100K, 
evacsating the  non-adsorbed gas, and then warming the sample (heating ra te  = 
1.5 K/sec) while monitoring the flux of desorbing H2. This dosing procedure 
was required t o  overcome the activation bar r ie r  f o r  adsorption noted above. 

de ta i l  ( 7 ) .  
the presence of multiple binding states. 
w i t h  dosing pressure, indicating t h a t  the activation bar r ie r  fo r  adsorption 
increases w i t h  coverage. 
coverage, indicating f i r s t  order kinetics.  
indicated by the absence of isotopic scrambling, as noted above). The peak 
temperatures occur a t  170, 240, 270, and 310 K ,  corresponding t o  desorption 
energies of 12. 16, 18, and 21 kcal/mole, respectively.  No additional infor- 
mation about the individual s t a t e s  corresponding t o  each peak i s  available,  
except tha t  the s t a t e  a t  170 K has a unique OH vibrational frequency and a 
small enough desorption energy tha t  i t  i s  not occupied a t  room temperature. 
Finally,  we note t h a t  i t  is necessary t o  outgas the sample a t  673 K o r  
above i n  order to  observe any of these H2 adsorption s t a t e s .  

case w i t h  pure ZnO, we see tha t  the amount adsorbed increases with dosing 
pressure, indicating t h a t  adsorption is an activated process and t h a t  the  
activation bar r ie r  increases with coverage. The peak temperatures a r e  
again independent of H2 coverage, suggesting f i r s t  order desorption kinetics.  
However, two differences from the resu l t s  for  Z n O  a re  observed: The peak 
temperatures a re  310 K and 450 K ,  corresponding t o  desorption energies of 21 
and 30 kcal/mole. These a re  higher than the ranae of energies found f o r  ZnO. 
I n  a d d i t i o n ,  these experiments were performed using samples outgassed a t  523 K ,  
instead of the  673 K needed fo r  ZnO. As  mentioned above, pretreating Z n O  a t  
the lower temperature r e su l t s  i n  a surface with negligible H2 adsorption 
capacity . 

The r e su l t s  f o r  pure Z n O  (Figure 1 )  have been discussed elsewhere i n  more 
F i r s t  we note tha t  the spectra a re  qu i t e  complex, sugges t ing  

The amount of H2 adsorbed increases 

(First order kinetics a re  also 
The peak temperatures a re  only weakly dependent on 

The spectra f o r  the C u / Z n O  samples a re  shown in Fig. 2 .  As was the  

Discussion 

We f i rs t  consider what these r e su l t s  indicate about chemical bonding 
a t  the adsorption s i t e s  on C u / Z n O  ca ta lys t s .  The f a c t  t h a t  H2 adsorption i s  
observed a f t e r  pretreatment a t  much lower temperature for  the C u / Z n O  mixture 
than f o r  pure ZnO indicates e i ther  tha t  Cu species make i t  eas ie r  fo r  the  
Type I Z n O  s i t e s  t o  be activated,  o r  e l s e  t h a t  C u  species themselves can 
function as the  cations in Type I s i t e s  tha t  have a much lower activation tem- 
perature. Competitive adsorption experiments w i t h  C O : H 2  mixtures described 
elsewhere (17) indicate tha t  the l a t t e r  explanation i s  cor rec t ;  tha t  i s ,  the 
C u  species themselves par t ic ipa te  a s  the  cations i n  Type I s i t e s  analogous to  
those found on pure Z n O .  The lower temperature required t o  ac t iva te  the Cu 
s i t e s  suggests t h a t  the O= vacancy needed a t  a Type I s i t e  i s  more eas i ly  
produced a t  a Cu neighbor, which i s  consistent w i t h  t he  lower enthalpy of 
decomposition of bulk C u O  (36 kcal/mole for  C u O ,  vs. 81 kcal/mole fo r  ZnO (18)). 

T h e  higher desorption energy fo r  H2 may be the r e su l t  of the &electron 
vacancy on a divalent C u  cation, w h i c h  would s t a b i l i z e  the CuH hydride bond 
(19). 

Finally,  we consider the implication of these r e su l t s  fo r  the hydrogenation 
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mechanism on Cu/ZnO c a t a l y s t s .  The lower  pret reatment  temperature needed t o  
a c t i v a t e  t h e  Cu Type I s i t e s  i s  remarkably c o n s i s t e n t  w i t h  the  lower  ope ra t i ng  
temperature requ i red  f o r  Cu/ZnO synthes is  c a t a l y s t s ,  r e l a t i v e  t o  t h e  h igh  
pressure ZnO c a t a l y s t s .  The s t ronger  H2 adso rp t i on  energy may a l s o  c o n t r i b u t e  
t o  t h e  improved a c t i v i t y  o f  t h e  Cu/ZnO c a t a l y s t s ,  a l t hough  more d e t a i l e d  knowledge 

c l u s i o n  can be s t a t e d  w i t h  c e r t a i n t y .  F i n a l l y ,  i t  i s  i n t e r e s t i n g  t o  note t h a t  
t h i s  H2 adso rp t i on  behavior  has n o t  been repo r ted  f o r  Cu species prepared on 
o t h e r  supports. Th i s  suggests t h a t  t h e  b a s i c i t y  and/or t h e  t e t r a h e d r a l  co- 
o r d i n a t i o n  geometry o f  t h e  ZnO l a t t i c e  may be necessary t o  generate Type I 
ca t ion -an ion  s i t e s .  Th is  l a s t  p o i n t  suggests t h a t  t h e  p o t e n t i a l  o f  ZnO as a 
suppor t  ma te r ia l  f o r  hydrogenat ion c a t a l y s t s  should be more f u l l y  explored. 
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MICROSTRUCTURE OF Cu/ZnO/A1203 METHANOL SYNTHESIS CATALYSTS 
STUDIED BY SCANNING AND TRANSMISSION ELECTRON MICROSCOPY 

AND DIFFRACTION METHODS 

P. B. Himelfarb,  G.  W. Simmons, and K. K l i e r  

Department of Meta l lurgy  and M a t e r i a l s  Engineer ing ,  
Department of Chemistry,  and Center  f o r  Su r face  and 

Coat ings  Research, Lehigh Un ive r s i ty ,  
Bethlehem, PA 18015 

INTRODUCTION 

C a t a l y s t s  con ta in ing  Cu/Zn/Al a r e  w e l l  known a c t i v e  c a t a l y s t s  i n  
methanol s y n t h e s i s  and t h e  water-gas s h i f t  r e a c t i o n ,  and have been 
d e s c r i b e d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  ( 1 - 6 ) .  However, l i m i t e d  i n -  
format ion  i s  a v a i l a b l e  on t h e  e lementa l  d i s t r i b u t i o n s  i n  t h e  v a r i o u s  
morphologies p r e s e n t  i n  t h e  many p r e p a r a t i v e  v a r i a n t s  of  t h e s e  c a t a -  
l y s t s .  The unders tanding  of t h e s e  m a t e r i a l  p r o p e r t i e s  and t h e i r  re- 
l a t i o n s h i p  t o  s y n t h e s i s  a c t i v i t y  is a primary goa l  i n  c a t a l y s t  cha r -  
a c t e r i z a t i o n .  In t h e  p r e s e n t  work, t r ansmiss ion  e l e c t r o n  microscopy 
coupled wi th  d i f f r a c t i o n  and e l emen ta l  a n a l y s i s  was used t o  compare 
t h e  chemical s t r u c t u r e ,  morphology and e l emen ta l  d i s t r i b u t i o n  i n  

i t h r e e  d i f f e r e n t  p r e p a r a t i o n s  of a c t i v e  Cu/Zn/Al c a t a l y s t s .  

EXPERIMENTAL 

, 
Two c a t a l y s t s  were prepared  from Z n ( I I ) ,  Cu( I1 )  and A l ( I I 1 )  ace-  i t a t e  s o l u t i o n  by c o p r e c i p i t a t i o n  wi th  sodium ca rbona te  a t  90°C u n t i l  

a pH of 6.9 w a s  reached t o  produce t h e  composi t ions ,  Cu/Zn/Al equa l  
t o  54.4/24.3/23.3 and 27.3/63.6/9.0 a t . % ( p r e p a r e d  a t  Lehigh Univers i -  
t y ) .  Another c a t a l y s t  was s i m i l a r l y  prepared  from n i t r a t e  s o l u t i o n  
a t  3OoC t o  produce Cu/Zn/Al equa l  t o  60.0/30.0/10.0 a t . %  (prepared  a t  
t h e  Un ive r s i ty  of V i r g i n i a ) .  In  a l l  p r e p a r a t i o n s ,  t h e  p r e c i p i t a t e s  

25OOC i n  a 60-70 cc/min 2% H 2 / N 2  mix ture  f o r  t h e  t ime r e q u i r e d  f o r  
t h e  s t o i c h i o m e t r i c  r e d u c t i o n  of CuO t o  Cu. Methanol s y n t h e s i s  a c t i v i -  
t ies  w e r e  determined i n ' a  t u b u l a r  f i x e d  bed f low r e a c t o r  equipped w i t h  
p r e s s u r e ,  t empera ture  and flow r a t e  c o n t r o l s  ( 7 , 8 ) .  Methanol y i e l d s  
were determined by g a s  chromatography. 

inc luded  a scanning  t r ansmiss ion  mode (STEM) was used i n  t h e  char -  
a c t e r i z a t i o n  s t u d i e s .  Samples were prepared  by d i s p e r s i n g  t h e  cata- 
l y s t  powders i n  e t h a n o l  and p l a c i n g  a drop  of t h e  d i s p e r s i o n  on a 
carbon coa ted  t i t a n i u m  g r i d .  Exposure t i m e  t o  a i r  was minimized by 
p repa r ing  and t r a n s p o r t i n g  specimens i n  a N 2  f i l l e d  g love  bag. Energy 
d i s p e r s i v e  X-ray a n a l y s i s  (EDS) f o r  e l emen ta l  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  was ob ta ined  i n  t h e  manner desc r ibed  i n  r e f e r e n c e s  ( 4 )  
and ( 9 ) .  

, 

! were washed e x t e n s i v e l y ,  c a l c i n e d  i n  a i r  a t  35OoC, and reduced a t  
/ 

'\ 

A P h i l i p s  EM 400T t r ansmiss ion  e l e c t r o n  microscope (TEM) which 

RESULTS 

Methanol y i e l d s  and r e s p e c t i v e  s u r f a c e  areas f o r  t h e  c a t a l y s t s  
s t u d i e d  are g iven  i n  Table I. Data pub l i shed  f o r  c a t a l y s t s  of s i m i l a r  
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TABLE I 

ACTIVITIES OF Cu/Zn/Al CATALYSTS 

C a t a l y s t  Sur face  Area MeOH Yie ld  
# Cu/Zn/Al a t . %  m2/g g /g  c a t / h r  

1 60. 0/30.0/10.0a 54.2 
2 52.4/24.3/23.3' 26.0 

3 27.3/63. 6/9.0c 61.8 
4 67 .0 /33 .0 /0 .0  (7 )  7 . 4  
5 30 .0 /70 .0 /0  - 0  ( 7 )  39.3 

1 .35  
1.37 
1.55 

0.41 
1 .35  

aPrepared from y i t r a t e  s o l u t i o n ,  t e s t e d  a t  80 atm, 25S0C, 

bPrepared from a c e t a t e  s o l u t i o n ,  t e s t e d  a t  75 atm, 25OoC, 

'Prepared from y e t a t e  s o l u t i o n ,  t e s t e d  a t  75 a t m ,  250"C, 

GHSV = 5600 hr -  , H2/CO/C02 = 69/27/4 ( 8 ) .  

GHSV = 5000 h r - l ,  H2/CO/C02 = 70/24/6 ( 1 0 ) .  

GHSV = 3150 hr -  , H 2 / C O / C 0 2  = 70/24/6. 

Cu /Zn  composi t ions  p repa red  wi thout  A 1  a r e  g iven  f o r  comparison ( 7 ) .  
A s  shown, h i g h  y i e l d s  are main ta ined  wi th in  a l a r g e  v a r i a t i o n  i n  e l e -  
mental  composi t ion .  Elemental  d i s t r i b u t i o n ,  morphology, and chemical 
s t r u c t u r e  w e r e  de te rmined  f o r  c a t a l y s t s  1 and 3 ( c f .  Table  I ) ,  and 
t h e  r e s u l t s  were compared wi th  p rev ious ly  pub l i shed  d a t a  on c a t q l y s t  
2 ( 1 0 ) .  

Two d i s t i n c t l y  d i f f e r e n t  morphologies w e r e  observed i n  both  ca t a -  
l y s t s  1 and 3. One morphology was a p l a t e l e t  s t r u c t u r e  c o n t a i n i n g  
a l l  t h r e e  metals (Cu/Zn/Al) which gave a ZnO ( 0 0 0 1 )  e l e c t r o n  d i f f r a c -  
t i o n  p a t t e r n ,  and appeared s i m i l a r  t o  t h e  p l a t e l e t  morphology r epor t ed  
i n  c a t a l y s t  2 (10). The o t h e r  morphology w a s  l a c e l i k e  and conta ined  
two me ta l s  (Cu/Zn) i n  t h e  form of Cu and ZnO a s  determined by s e l e c t e d  
area d i f f r a c t i o n  (SAD). The l a c e - l i k e  morphology appeared  s i m i l a r  t o  
t h a t  found i n  an a c t i v e  Cu/ZnO (30/70 a t . % )  methanol c a t a l y s t  ( 4 , l l ) .  
Micrographs o f  t h e  t e r n a r y  p l a t e l e t  and b i n a r y  l a c e - l i k e  morphologies 
wi th  co r re spond ing  dark  f i e l d  images from ZnO a r e  g iven  i n  F igu res  1 
and 2 ,  r e s p e c t i v e l y .  The dark f i e l d  micrographs show t h a t  t h e  ZnO is 
more h igh ly  d i s p e r s e d  i n  t h e  t e r n a r y  p l a t e l e t  morphology. An SAD pat -  
t e r n  of a p l a t e l e t  i s  g i v e n  i n  F igu re  3 which shows t h a t  t h e  ZnO (0001) 
and Cu(T11) p l a n e s  a r e  p a r a l l e l  t o  t h e  s u r f a c e  of t h e  p l a t e l e t .  The 
e p i t a x i a l  r e l a t i o n s h i p  between t h e  Cu and ZnO shows t h a t  t h e  Cu[O521 
a x i s  i s  p a r a l l e l  t o  t h e  Z n O [ l ~ 1 0 ]  a x i s ,  which w a s  s i m i l a r l y  found i n  
c a t a l y s t  2 (10) and  i n  t h e  Cu/ZnO (30/70 a t . % )  c a t a l y s t  ( 4 ) .  Although 
t h e  spo t  p a t t e r n s  appear  t o  have been produced by s i n g l e  c r y s t a l s ,  
t h e y  o r i g i n a t e  from h i g h l y  d i s p e r s e d  Cu and ZnO c r y s t a l l i t e s  i n  
c r y s t a l l o g r a p h i c  r e g i s t r y .  

t e r n a r y  p l a t e l e t  and b i n a r y  l a c e - l i k e  morphologies,  and Cu and ZnO 
c r y s t a l l i t e  s i z e s  de te rmined  by X-ray d i f f r a c t i o n  l i n e  broadening a r e  
g iven  i n  Table  11 f o r  c a t a l y s t s  1 and 3. Publ i shed  d a t a  f o r  c a t a l y s t  
2 i s  a l s o  g i v e n  f o r  comparison ( 1 0 ) .  The m i c r o s t r u c t u r a l  s i m i l a r i t i e s  

C r y s t a l  s i z e s  of ZnO determined from TEM dark  f i e l d  images i n  t h e  

\ 

I 
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TABLE I1 

MORPHOLOGIES AND CRYSTALLITE SIZES O F  Cu/Zn/Al CATALYSTS 

Catalyst Bulk Composition Abundancea zno by TEM (nmIb XRD (nm)' 
# Cu/Zn/Al a t .% of Platelets p l a t e l e t  Binary ZnO cu 

\ 

I 
I 

1 60.0/30.0/10.0 z 10% 2.6 9.1 7.0 12.4 
-- -- 2 52.4/24.3/23.3 "100% 2-4 d 

3 27.3/63.6/9.0 20% 2.6 1 1 . 9  12.3 8.9 

a .  Given as t h e  p e r c e n t  abundance of t h e  t e r n a r y  p l a t e l e t  morphology 
compared t o  t h e  b i n a r y  l a c e - l i k e  morphology. 

bZnO c r y s t a l  s i z e s  are an average  of  100 measurements from TEM dgrk  
f i e l d  measurements produced from t h e  ZnO{1010}, {0002), and { l o l l )  
r e f l e c t i o n s  f o r  t h e  b i n a r y  morphology, and from t h e  ZnO(l'i00) d i f -  
f r a c t i o n  s p o t  f o r  t h e  p l a t e l e t  morphology. 

' C r y s t a l l i t e  s i z e s  determined by X-ray d i f f r a c t i o n  l i n e  broadening 
us ing  t h e  S c h e r r e r  e q u a t i o n  c o r r e c t e d  f o r  i n s t r u m e n t a l  broadening 
( 1 2 ) ;  t h e  C u { l l l }  and an average  from t h e  zno{lOiO}, I O O O Z ) ,  and 
{ l O I l )  r e f l e c t i o n s  were used.  

dLace-l ike b i n a r y  phase n o t  p r e s e n t .  

are  s t r i k i n g  i n  t h e  p l a t e l e t  morphology i n  t h a t  t h e  ZnO c r y s t a l  s i z e s  
are e s s e n t i a l l y  i d e n t i c a l  i n  c a t a l y s t s  1, 2 and 3 ,  and the e p i t a x i a l  
r e l a t i o n  between Cu and ZnO w a s  commonly observed. The h i g h e r  aver -  
age ZnO c r y s t a l  s i z e s ,  de te rmined  by X-ray d i f f r a c t i o n ,  r e f l e c t  t h e  
h igher  c o n c e n t r a t i o n  of t h e  b i n a r y  l a c e - l i k e  morphology which has  
larger ZnO c r y s t a l l i t e  s i z e s  t h a n  t h e  p l a t e l e t  morphology. I n  con- 
t r a s t  t o  c a t a l y s t s  1 and 3 ,  c a t a l y s t  2 had large ( g r e a t e r  t h a n  0 . 1  pm) 
Cu p a r t i c l e s  and t h e  b i n a r y  l a c e - l i k e  morphology w a s  n o t  d e t e c t e d  (10) 

Elemental d i s t r i b u t i o n s  i n  t h e  p l a t e l e t s  determined by EDS w e r e :  
C a t a l y s t  1 had t h e  composi t ion 4 .5 f  3.8 a t . %  Cu, 7 5 . 5 f  2.8 a t . %  Zn, 
and 20.0 f 1 . 9  a t . %  A 1  from 27 measurements, and c a t a l y s t  3 p l a t e l e t s  
conta ined  24 .5 f  7.9 a t . %  Cu,  56.6 f 5 . 8  a t . %  Zn, and 1 8 . 9 f  7.8 a t . %  A 1  
from 23 measurements. No A 1  was d e t e c t e d  i n  the  b i n a r y  l a c e - l i k e  
morphology i n  c a t a l y s t  3 ,  and i n  c a t a l y s t  1 a weak A 1  peak w a s  some- 
times observed which corresponded t o  less t h a n  1 w t . %  i n  t h e  b i n a r y  
morphology. N o  ev idence  o f  c r y s t a l l i n e  Al-containing compounds w a s  
found by e i t h e r  X-ray or e l e c t r o n  d i f f r a c t i o n  a n a l y s i s .  EDS a n a l y s i s  
of p l a t e l e t s  i n  c a t a l y s t  2 r e s u l t e d  i n  8 f 2 a t . %  Cu, 50 f 5 a t . %  Zn, 
and 4 2 f 4  a t .% A 1  ( 1 0 ) .  

DISCUSSION 

Comparison of t h e  methanol y i e l d s  for  t h e  t h r e e  Al-conta in ing  
c a t a l y s t s  s t u d i e d  shows t h a t  act ive c a t a l y s t s  can  be prepared  from 
e i ther  a c e t a t e  or n i t r a t e  s o l u t i o n s ,  and t h a t  h i g h  c o n c e n t r a t i o n s  of 
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Cu a r e  n o t  necessa ry  f o r  high a c t i v i t y .  

morphology because  t h e  only  o t h e r  morphology p r e s e n t  was l a r g e  in -  
a c t i v e  Cu p a r t i c l e s ,  a s  r epor t ed  e a r l i e r  (10). Since  methanol y i e l d s  
f o r  c a t a l y s t s  1, 2 and 3 a r e  s i m i l a r ,  and t h e  r e l a t i v e  abundance of  
t h e  p l a t e l e t  and l a c e - l i k e  morphologies v a r i e d  s i g n i f i c a n t l y  (see 
Table 11), t h e  a c t i v i t y  of t h e  p l a t e l e t  and l a c e - l i k e  morphologies 
must be comparable.  Binary Cu/ZnO c a t a l y s t s  have been prepared  wi th  
high methanol s y n t h e s i s  a c t i v i t y  (see c a t a l y s t  5 i n  Table I ) .  The 
a c t i v i t y  of t h e  b ina ry  l a c e - l i k e  morphology i n  c a t a l y s t s  1 and 3, 
which c o n t a i n s  l i t t l e  o r  no A l ,  s u p p o r t s  t h e  view t h a t  an A1203 com- 
ponent s e r v e s  b a s i c a l l y  as a s t r u c t u r a l  promoter ( 2 ) .  

t i e s  b u t  d r a m a t i c a l l y  d i f f e r e n t  Cu/Zn r a t i o s )  t o  c a t a l y s t s  of s i m i l a r  
Cu/Zn r a t i o s  prepared  wi thout  A 1  (see c a t a l y s t s  4 and 5 i n  Table I )  
shows t h a t  t h e  a d d i t i o n  of A 1  widens t h e  Cu/Zn composi t iona l  range 
which can  be used t o  produce a n  a c t i v e  c a t a l y s t .  Th i s  is  a r e s u l t  of 
t h e  inc reased  d i s p e r s i o n  of Cu and ZnO o c c u r r i n g  i n  t h e  Al-containing 
c a t a l y s t s .  

r e q u i r e  h igh  c o n c e n t r a t i o n s  of copper.  Three b a s i c  morphologies - 
l a rge  Cu p a r t i c l e s  ( g r e a t e r  than 0 . 1  p m ) ,  Cu/Zn/Al p o l y c r y s t a l l i n e  
p l a t e l e t s ,  and a b ina ry  Cu/ZnO morphology can  be  produced i n  d i f f e r e n t  
amounts by v a r i a t i o n s  i n  t h e  i n i t i a l  e l emen ta l  c o n c e n t r a t i o n s  and 
p repa ra t ion  c o n d i t i o n s .  The t e r n a r y  p l a t e l e t  and b ina ry  l a c e - l i k e  
morphologies a r e  a c t i v e  i n  methanol s y n t h e s i s ,  which i s  be l i eved  t o  
be a r e s u l t  of t h e  i n t i m a t e  d i s p e r s i o n  of t h e  C u  and ZnO c r y s t a l l i t e s  
i n  both morphologies.  The A1 component, which appea r s  amorphous, i s  
a s t r u c t u r a l  suppor t  i n  t h e  p l a t e l e t s ,  and widens t h e  Cu/Zn r a t i o  
range f o r  which h igh  d i s p e r s i o n  of  Cu and ZnO can  be ob ta ined .  

The a c t i v i t y  of c a t a l y s t  2 has  been a t t r i b u t e d  t o  t h e  p l a t e l e t  

A comparison of c a t a l y s t s  2 and 3 (which have s i m i l a r  a c t i v i -  

I n  summary, a c t i v e  Cu/Zn/Al methanol s y n t h e s i s  c a t a l y s t s  do n o t  
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1 

Figure  1. E l e c t r o n  micrographs of  t e r n a r y  p l a t e l e t  morphology i n  
c a t a l y s t  3 (Cu/Zn/Al a t . % = 2 7 . 3 / 6 3 . 6 / 9 . 0 ) .  (a1 Br ight  
f i e l d  image, (b)  dark  f i e l d  image from a ZnO(1100) d i f -  
f r a c t i o n  s p o t  (see F i g .  3 ) .  

I 

0.lurr 
Figure  2 .  E l e c t r o n  micrograph of  b i n a r y  l a c e - l i k e  morphology i n  

c a t a l y s t  3 (Cu/Zn/Al a t . % = 2 7 . 3 / 6 3 . 6 / 9 . 0 ) .  ( a )  B r i g h t  
f i e l d  image, (b) dark  f i e l d  image from ZnO(lOIO}, 
{ O O O Z } ,  and {lOIl} d i f f r a c t i o n  r i n g s .  
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Figure  3 .  S e l e c t e d  'area d i f f r a c t i o n  p a t t e r n  of t h e  t e r n a r y  

p l a t e l e t  morphology i n  c a t a l y s t  3 (Cu/Zn/Al a t . %  = 
2 7 . 3 / 6 3 . 6 / 9 . 0 )  showing randomly o r i e n t e d  Cu, from 
t h e  Cu{llll r i n g  p a t t e r n ,  and s i n g l e  c r y s t a l  p a t -  
t e r n s  of C u ( l l 1 )  and Zn0(0001),  de f ined  by t h e  
Cu(022) and znO(l i00)  d i f f r a c t i o n  s p o t s .  
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